Natural water treatment systems such as wetlands are increasingly being recognised for their role as part of a multi-barrier system for water recycling. Natural wetland systems have the ability to provide effective treatment for a wide range of organic chemicals. However, techniques are required to validate the performance of these treatment processes in the field. This paper provides a new method for evaluating wetland systems using passive samplers and applies a statistical method for use in advanced water treatment processes. Three years of stormwater quality passive sampler data for diuron, simazine and atrazine is provided to determine herbicide removal between the inlet and outlet regions of a constructed wetland. Mean removal rates over the three year period for diuron, simazine and atrazine were 43, 54 and 50% respectively. The results show that this method coupled with passive samplers is amenable to wetland system barrier characterisation where opportunities for process validation is not feasible.
INTRODUCTION
Wetlands are increasingly being constructed in urban areas to detain and improve the quality of stormwater (Terzakis et al. ; Imfeld et al. ; Janzen et al. ) . This captured stormwater is a potentially important resource and is increasingly being used as an alternative water source.
Despite growing interest in the use of urban stormwater runoff, water quality hazards including herbicides may limit the suitability for some applications (Kohler et al. ; Imfeld et al. ; Page et al. a) . Monitoring the concentrations of herbicides in stormwater presents a challenge because many occur at trace levels that are very difficult to detect and quantify. These analytical difficulties, coupled with the highly variable nature of stormwater, result in limitations in the ability to quantify and assess the efficiency of urban stormwater treatment systems such as constructed wetlands (Page et al. a) .
To address these difficulties, time-integrated passive sampling techniques have been deployed in urban stormwater wetland harvesting systems (e.g. Page et al. b) .
These techniques are based on the diffusion of chemicals from the aqueous phase onto a solid phase that has a relatively high capacity for the herbicides of interest. When deployed for a period of time (e.g. a week or a month), the passive samplers provide for easier detection of herbicides than conventional monitoring techniques. Passive sampling techniques provide time-weighted average water concentrations during the period of passive sampler deployment.
The concentrations are calculated from the amount of chemical sequestered in the sampler using sampling rates determined either by calibrations conducted in the laboratory or via field deployments (Shaw et al. ) .
The aims of this paper were to calculate the removal efficiencies of three selected herbicides in a constructed wetland over a three year period. Passive samplers and a probabilistic modelling approach incorporating the use of probability density functions (PDFs) are presented as a new technique to assess the herbicide removal capabilities of natural wetland systems. The probabilistic approach accounts for variable concentrations of herbicides in the stormwater and variable performances of the constructed wetland, as well as incorporating the underlying uncertainty in the analytical measurements. This method is consistent with some of the probabilistic techniques that have been used for assessing the performance of multiple-barrier water recycling schemes.
METHODS

Site description
The Parafield stormwater harvesting system is located on the Water quality data is commonly well described by lognormal distributions ( can be obtained by the following:
where RE is the removal efficiency and the PDF inlet and PDF outlet are the inlet and outlet fitted PDFs.
This technique has not been previously reported for natural treatment systems performance assessment because of the high cost of determining PDFs. An advantage of this method is that such plots can be prepared even when some of the data is below the limit of detection (LOD) since the PDF can be extrapolated from the available (higher) percentile data. This paper presents a method which overcomes the problem of conventional monitoring 
RESULTS AND DISCUSSION
Passive sampler water quality monitoring
The results of the deployment of passive samplers and estimated time weighted average concentrations for each deployment of the herbicides diuron, simazine and atrazine are presented in Table 1 . (Figures 3-4) .
Probability distribution functions of passive sampler data
The diuron, simazine and atrazine data in Table 1 was used to fit lognormal PDFs. Fitting was performed on the entire Downloaded from https://iwaponline.com/jwrd/article-pdf/1/1/11/375850/11.pdf by guest data set in Table 1 as well as subsets containing only the 7 day deployments and 28-34 day deployments. These fitted PDFs are summarised in Table 2 .
For diuron and atrazine the lowest root mean square fitted PDFs were obtained using all the passive sampler data. For simazine, the lowest root mean square error was obtained by using only the 7 day passive sampler deployment data. The fitted PDFs presented here are derived from real data and while they may be fitted to a lognormal distribution, they do not conform perfectly (e.g. atrazine, Figure 4 ) and the estimation of the removal efficiency PDF may not be possible using this approach if the data does not support it. However, the general features of these PDFs may be statistically summarised as presented in Table 2 . Some of the PDFs can have an improved fit by filtering the data; for example simazine (Figure 3) , where separating the 7 day and 28-34 day passive sampler data leads to an improved PDF fit and lower root mean square error (Table 2) . Other data sets such as atrazine were not so easily improved and a better fitting PDF can only be obtained by collecting more data.
Calculation of wetland removal efficiency PDFs
The PDFs from Table 2 were then used to calculate the percentage removal of each herbicide by the wetland treatment process according to Equation (1). The results of the removal efficiency simulations are shown in Table 3 . An example of the calculated removal efficiency PDF for simazine using the 28-34 day sampler data is shown in Figure 5 .
The calculated mean (43-55%, 52-60%) and median (56-62%, 49-63%) removal efficiency for diuron and simazine respectively did not vary substantially with the data sets used. Generally these data sets were lognormally distributed and agreed with previous mass balance approaches at assessing the same wetland efficiency (Page et al. b) .
Atrazine had a more variable mean (24-50%) and median (17-60%) removal efficiency, influenced by the atrazine outlet concentration PDF having the highest root mean square error (Table 2 ). There was generally greater convergence for the 95 th percentile removal efficiencies for all the herbicides. The calculation of a removal efficiency PDF approach yielded similar results to the mass balance approach used in determining wetland treatment efficiency by conventional water quality monitoring and passive samplers (Page et al. b) . In that study, removal efficiencies for diuron and simazine ranged from 33-51% and 20-60% respectively.
The ranges of removal efficiencies were in broad agreement for both studies. Atrazine however, had a much poorer fitted PDF, the highest root mean square error (Table 2 ) and as a result the highest variability in the reported removal efficiency (Table 3 ). This resulted in negative removal efficiencies for atrazine at the low percentiles (<5 th percentile) of the removal efficiency PDF. However this described method is still robust in calculating the mean and median removal efficiencies for the herbicides. Other specific factors may also be operating such as systematic errors, for example biofouling of the passive samplers. In such cases as for atrazine, further data should be collected so that these PDFs could be better described and fitted with an improved lognormal distribution.
The stormwater harvesting wetland mean removal efficiencies reported in this study for diuron and simazine were generally higher than the ranges previously reported 
